The dilute Kondo compound, Th 1−x U x Ru 2 Si 2 , displays non-Fermi liquid behavior but no zeropoint entropy; it thus appears to elude description by known single-ion models. It may also provide a clue to the underlying local degrees of freedom in its dense counterpart, URu 2 Si 2 . Here we use high-resolution magnetization studies to cross-check the thermodynamic consistency of previous experiments. Measurement of the field-dependence of the temperature-scale, T F (H), associated with Fermi liquid behavior probes the nature of the underlying impurity fixed point. We find that T F (H) grows linearly with applied field, in contrast to the quadratic form expected for the twochannel Kondo model. We use a scaling argument to show that the observed behavior of T F (H) is consistent with the absence of zero-point entropy, suggesting novel impurity behavior in this material. More generally, we suggest the field-magnetization as a probe of single-ion physics and make predictions for its behavior in other actinide compounds.
The non-Fermi liquid (NFL) physics of the dilute Kondo compound Th 1−x U x Ru 2 Si 2 (TURS) is an outstanding problem in heavy fermion materials. The local degrees of freedom responsible for NFL behavior in TURS are widely believed to provide the Hilbert space for the hidden order in its dense counterpart, URu 2 Si 2 (URS); thus understanding of the dense and the dilute systems may be closely linked. Furthermore, although TURS has been extensively studied experimentally, 1,2 its unusual physics has eluded description by an established single-ion model known to display NFL behavior. For example, a well-studied mechanism for NFL in an impurity system is provided by the two-channel Kondo model (2CKM), where competition between the channels results in quantum critical behavior accompanied by a fractional zero-point entropy (FZPE). 3 It has been proposed that this physics is realized in a number of heavy fermion impurity systems characterized by quadrupolar or non-Kramers doublet ground-states; 4 TURS was initially thought to be an excellent candidate. In par-
), χ ∼ ln T at low temperatures, and application of a magnetic field (H) drives the system into a Fermi liquid with γ, χ ∼ log H. However the 2CKM proposal fails in a crucial way: since application of H quenches the FZPE, the 2CKM predicts a field-induced Schottky anomaly in the specific heat (c P ). However, in contrast to the situation 5 in Y 1−x U x Pd 3 , this is not observed 1,2 in TURS and so the FZPE predicted by the 2CKM 6 appears to be absent. Here we return to this problem in TURS spurred by renewed interest in the dense system URS. We show that high-resolution magnetization studies provide a cross-check on the thermodynamic consistency of previous specific heat experiments. More specifically, measurements of the field-dependence of the temperaturescale, T F (H), associated with Fermi liquid behavior probes the nature of the underlying impurity fixed point. We therefore study whether the failure to observed the FZPE in TURS is an experimental issue or whether it indicates the presence of a fundamentally new class of impurity behavior.
The magnetization, in conjunction with Maxwell's thermodynamic relations, can be used to cross-check specific heat measurements. For a system with magnetic moment m ,
leads to
so that
and
resulting in
where sgn(H) is included in (5) to ensure that both sides of this equation are even in field. Since high-resolution magnetization measurements do not have the subtraction issues associated with c P experiments, (5) can be used to cross-check the ZPE result for TURS.
In Figure 1 (a) we show the T -dependence of χ mol 5f , the molar susceptibility of U in Th 1−x U x Ru 2 Si 2 for x = 0.03 in magnetic fields between H = 0 and 5 T. Noting the logarithmic behavior in χ close to the quantum critical point at zero temperature and magnetic field, we can model it with the simple expression
Fitting this form to the data below T = 6 K, we obtain χ 0 = 0.018 ± 10 is quantitatively the magnitude of a Zeeman energy
with a g-factor of gS = 1.6 where we have introduced the reduced field, h ≡ (gS)µ B H/k B .
The appearance of a Zeeman splitting in the temperature dependence of the magnetic susceptibility is an indication that the underlying single-ion ground-state of TURS is a magnetic multiplet. The value gS = 1.6 would correspond to a Ising magnetic moment gS × µ B = 1.6 × µ B a value consistent with previous estimates for a magnetic Γ 5 doublet 1 .
In the hexadecapolar Kondo effect scenario 7 , g = 3.2 cos(φ), which then sets the mixing angle to be φ = 2π 3
in the dilute limit. Since the phenomenological fit (6) to the susceptibility data can be written as
ln
this leads to
Replacing T F (H) with h and using the Maxwell relation (2), we obtain a phenomenological form for the entropy
which is a regular smooth function for the full phase region that includes h > T and T > h.
More explicitly
indicating that there is no order-of-limits issue, no irregularity and thus no zero-point entropy; this is consistent with the previous specific heat results.
1,2
We can also understand this absence of zero-point entropy using a more general scaling argument where we assume a regular scaling function. From experiment, we obtain
where for TURS ν = 0. We can write a general scaling form for the free-energy
where η refers to the field-dependence of the crossover scale, T F (H), and we assume that Φ(x) is a slowly varying function of x. Then
In order to have a finite zero-point entropy, the exponent of the temperature must be zero; then we must have
We see that to have ZPE for ν = 0, η = 2 is required; thus the absence of an observed zeropoint entropy is consistent with the measured η = 1. The scaling relation (17) is realized in the multichannel Kondo models. There the exponents, η and ν are related to the number of screening channels, k by Further support for the H T scaling comes from resistivity data shown in Figure 2 again for a TURS sample with x = 0.03. We have fit it with the form
where T R (H) is the dynamical crossover scale for Fermi liquid behavior to develop. Once again we see a linear H-dependence of this crossover scale; because we only have at most two decades of data we do not present it as a scaling plot. The fact that T R (H) and T F (H) are proportional to each other but are not equal reflects that the H/T scaling functions as-sociated with thermodynamics and transport are most likely different. More field-dependent measurements of thermodynamic responses and resistivity at low fields and temperatures on TURS would provide more specifics about the nature of these scaling functions. 
